Objective N-methyl-D-aspartate receptor (NMDAR) activation and downstream transduction pathways are crucial for pain signalling. Fibromyalgia (FM) is a common pain syndrome of unclear aetiology that is often drugrefractory but may benefit from treatment with electroacupuncture (EA). We examined the contributions of NMDAR signalling to FM pain and EA responses in a mouse model. Methods A model of FM was established by acid saline injection in 32 mice and subgroups (n=8 each) were treated with EA (2 Hz, 15 min daily for 4 days) or minimal acupuncture (MA). Expression of NMDAR subunits, calmodulindependent protein kinase II (CaMKII), cyclic AMP response element binding protein ( pCREB) and their corresponding phospho-activated forms were measured by Western blotting and immunohistochemistry. Results Acid saline injection induced significant mechanical hyperalgesia ( paw withdrawal threshold 2.18±0.27 g, p<0.05 vs controls), which was reversed by EA (4.23±0.33 g, p<0.05 vs FM group) but not by MA (2.37±0.14 g, p<0.05 vs EA group). Expression levels of phosphorylated N-methyl-D-aspartate receptor ( pNR)1 and pNR2B were significantly increased in the dorsal root ganglion of FM model mice (132.21±14.4% and 116.69±3.22% of control values), whereas NR1 and NR2B levels were unchanged (97.31±3.79% and 97.07%±2.27%, respectively). Expression levels of pCaMKIIα and pCREB were also higher in the FM group, and these changes were reversed by EA but not by MA. Similar changes in expression were observed in spinal cord neurons. Conclusions Reduced NMDAR−CaMKIIα −pCREB signalling is implicated in the positive effects of EA in FM. NMDAR signalling components may represent promising therapeutic targets for FM treatment.
INTRODUCTION
Fibromyalgia (FM) is a complex syndrome characterised by chronic widespread mechanical pain. It is also relatively common, with an overall prevalence of approximately 2-8%. 1 2 Moreover, this chronic pain is associated with fatigue, depression, memory problems, anxiety, sleep disturbances, and headaches. Despite its high prevalence, the underlying disease mechanisms are unclear. Recent studies have indicated that FM results from imbalances in neurotransmitters, such as serotonin, dopamine and norepinephrine, in the brain. 3 4 Lower serotonin levels have been reported in the cerebrospinal fluid (CSF) of FM patients, indicating that central inhibition of pain is reduced. 5 In addition, hypothalamic−pituitary−adrenal (HPA) axis hypofunction and chronic stress have also been implicated in FM. 6 FM is often difficult to treat because of a generally poor understanding of basic disease mechanisms. Many therapeutic approaches have been adopted, such as drug therapy, exercise and dietary changes, but their efficacy remains unclear. Pregabalin is a presynaptic voltage-gated calcium channel blocker that is used to reduce FM-related pain and sleep disturbances. 7 8 Duloxetine also decreases FM-related pain symptoms but may have potentially serious side effects. 9 Milnacipran is a serotoninnorepinephrine reuptake inhibitor that is also used to treat FM but frequently induces nausea. 10 Although research has improved FM pain treatment, our understanding of FM pathogenesis remains insufficient for the optimal development of effective yet safe therapies.
Injections of acidic saline into the muscles of mice can reliably induce pain symptoms similar to those of FM patients with minimal histopathological changes. This FM mouse model exhibits sustained and widespread mechanical hyperalgesia without muscle damage, fatigue, sympathetic predominance or altered central sensitisation. [13] [14] [15] Moreover, these FM animal models are sensitive to antidepressants and anticonvulsants but not to non-steroidal anti-inflammatory drugs. 12 This FM-like syndrome may result from activation of acid sensing ion channels (ASICs) or vanilloid type 1 receptors (TRPV1s). ASIC3 and TRPV1 are voltage-insensitive cationic channels gated by extracellular protons. 16 Decreased peripheral tissue pH has been observed in FM, and protons have been shown to activate the terminals of nociceptors. Recordings of peripheral dorsal root ganglion (DRG) neurons have shown that acid induces several inward currents differing in kinetics, ion selectivity and pH dependence. Though much is known about how these ion channels give rise to peripheral and central sensitisation leading to FM pain, little is known about the mechanisms involved in FM pain-related signalling.
Glutamate is the major excitatory neurotransmitter in the mammalian central nervous system. Glutamate released from presynaptic terminals binds to four types of receptors: AMPA (α-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid) receptors; NDMA (Nmethyl-D-aspartate) receptors (NMDARs); kainate (KA) receptors; and metabotropic receptors (mGluRs), 17 18 of which the NMDAR is most closely linked to peripheral pain signalling and central sensitisation. NMDARs are heteromeric protein complexes that are comprised of four subunits, which together form a Ca 2+ -permeable ion channel. These receptors can be divided into subtypes based on their subunits, of which there are three main families: NR1, NR2, and NR3. There are eight different NR1 subunits, four NR2 subunits (NR2A-2D), and two NR3 subunits (NR3A and NR3B). 19 Subunits NR1, NR2A, NR2B, and NR2D have been detected in the dorsal horn of the spinal cord (SC), 20 21 and are considered to be involved in peripheral pain signalling. Increased presynaptic glutamate release or enhanced postsynaptic receptor activation can induce long-lasting pain signalling and this pain is often attributed to long-term potentiation (LTP) of glutamatergic synapses or central sensitisation. In contrast, induction of long-term depression (LTD) in the SC dorsal horn can reduce pain. Importantly, these longterm synaptic alterations (LTP and LTD) are often dependent on NMDAR signalling.
Acupuncture has been used in Asia for over 3000 years to treat pain, and the analgesic efficacy of acupuncture is recognised worldwide. [22] [23] [24] [25] [26] Many studies have shown that the anti-nociceptive effect of acupuncture may be related to changes in expression of various ionotropic receptor channels or voltagegated channels including NMDARs, acid-sensing ( protein gated) ion channel (ASIC)-3, transient receptor potential cation channel subfamily V (TRPV)-1, TRPV4, and voltage-gated sodium channels. [22] [23] [24] [25] [26] Hurt and Zylka showed that injection of an adenosine receptor type 1 (A1R) agonist at BL40 had a shortterm anti-nociceptive effect. Interestingly, peripheral injection of prostatic acid phosphatase induced a longer lasting A1R-dependent analgesic effect than agonist injection. 27 Yang et al 28 reported that acupuncture therapy for FM is superior to pharmacological treatment and that acupuncture combined with drugs and exercise significantly increased pain thresholds. Additionally, Stival et al 29 found that acupuncture promoted immediate pain reduction in FM patients.
Accordingly, we hypothesised that acupuncture would effectively treat FM-related mechanical hyperalgesia. We have previously demonstrated that electroacupuncture (EA) can reduce mechanical hyperalgesia in the FM mouse model through the TRPV1 pathway. 26 The aim of the current study was to examine whether EA can mitigate mechanical hyperalgesia in this FM model by reducing NMDAR signalling via the phosphorylated ( p)NR1/pNR2B-pCaMKIIα (calmodulindependent protein kinase IIα)-pCREB (cyclic AMP (cAMP) response element binding protein) pathway in both peripheral and central neurons.
METHODS

Animals
Experiments were conducted on C57/B6 mice (age 8-12 weeks) purchased from BioLASCO Co, Ltd (Taipei, Taiwan). Mice were randomly subdivided into four groups (n=8 each): (1) Control (Con); (2) FM; (3) FM+EA; and (4) FM+MA (minimal acupuncture). Assuming an SD in pain level of 2.5 units, it was estimated that eight animals per group would be required to detect an effect size of 0.65 at 80% power with an α of 0.05. After arrival, mice were housed under a 12/12 hour light/dark cycle with water and food provided ad libitum. All procedures were approved by the Institute of Animal Care and Use Committee of China Medical University ( permit no. 101-116-N) and conducted in accordance with the National Research Council's 'Guide for the Care and Use of Laboratory Animals' and the ethical guidelines of the International Association for the Study of Pain. All possible measures were taken to reduce the number of animals used and to minimise their suffering.
FM induction and behavioural assessment of mechanical hyperalgesia
On day 1, all mice except controls received a 20 μL injection of acid saline ( pH 4.0) into the right gastrocnemius muscle (GM) under isoflurane (1%) anaesthesia (figure 1A). A second acid saline injection was performed on day 5 to establish the FM mouse model. Mechanical sensitivity was tested on days 5-8.
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All mechanical pain measurements were performed at room temperature (approximately 25°C) and the stimuli were applied only when the animals were calm and not sleeping or grooming. Mechanical sensitivity was measured as the threshold force required (g) for three paw withdrawal responses to electrical stimulation of the hind paw using von Frey filaments (North Coast Medical, Gilroy, California, USA). All measurements were conducted at approximately the same time of day. For mice in the FM+EA and FM+MA groups, the test was conducted 30 min after EA or MA, respectively. Mice were first placed on a metal mesh and allowed to adapt to the new environment for at least 30 min. Mechanical hyperalgesia of the hind paw was measured at baseline and daily from days 5 to 8 after the first acid saline injection.
Acupuncture treatment
EA was applied using stainless steel needles (0.5 inch, 32 G, Yu Kuang, Taiwan), which were inserted into the muscle layer at ST36 bilaterally to a depth of 2-3 mm. ST36 is one of the most commonly used acupuncture points in Traditional Chinese Medicine and its analgesic effects are well established. 26 28 29 EA was administered at roughly the same time of day (10:00−12:00) immediately after the second injection of acid saline (figure 1A) from days 5 to 8. A stimulator (Trio 300, Ito, Japan) delivered 100 μs square pulses of 1 mA for 15 min at a frequency of 2 Hz. The MA group received acupuncture at the ST36 acupuncture point but without electrical stimulation and without elicitation of a de qi response.
Necropsy and tissue sampling
At the end of the experiment, animals were euthanased with 2% isoflurane and intracardially perfused with saline followed by 4% paraformaldehyde. L3−L5 DRG neurons were immediately dissected and either snap-frozen in liquid nitrogen and stored at −80°C ( pending protein extraction and Western blotting) or post-fixed with 4% paraformaldehyde ( pending immunohistochemistry). Post-fixed tissues were placed in 30% sucrose overnight for cryoprotection. The DRGs were then embedded in optimal cutting temperature compound and rapidly frozen at −20°C.
Immunohistochemistry
Frozen sections of L3−L5 DRG neurons (12 μm thickness) were cut on a cryostat. Samples were next incubated with blocking solution containing 3% bovine Figure 1 Withdrawal thresholds of the ipsilateral (B-F) and contralateral (G-K) paw of 32 mice receiving control saline injection (Con group, n=8) or acid injection to model fibromyalgia (FM) followed by no treatment (FM group, n=8) or 4 days of electroacupuncture (FM+EA group, n=8) or minimal acupuncture (FM+MA group, n=8) on days 5-8 as detailed in (A). ***p<0.001 vs baseline. ###p<0.001 vs FM group.
Original paper pmed-2015-010986 serum albumin (BSA), 0.1% Triton X-100, and 0.02% sodium azide in phosphate-buffered saline for 120 min at room temperature. After blocking, the DRGs were incubated overnight at 4°C with primary antibodies (Cell Signaling, Danvers, Massachusetts, USA) against the following: pNR1, pNR2B, pCaMKIIα, and pCREB (all 1:1000), which were prepared in blocking solution. The secondary antibody was fluorescence-conjugated goat anti-rabbit 488 (Molecular Probes, Carlsbad, California, USA). Slides were finally mounted and coverslipped before being examined under a fluorescent microscope (Olympus, BX-51, Japan) with a 40× high numerical aperture (NA=1.4) objective for imaging the distribution of proteins in DRG neurons. Images were analysed using the National Institutes of Health (NIH) Image J software (Bethesda, Maryland, USA).
Western blot analysis
Total protein was extracted from snap-frozen DRG neurons by homogenisation in lysis buffer containing 50 mM Tris-HCl pH 7.4, 250 mM NaCl, 1% NP-40, 5 mM EDTA, 50 mM NaF, 1 mM Na 3 VO 4 , 0.02% NaN 3 , and 1× protease inhibitor cocktail (AMRESCO, Cleveland, Ohio, USA). The extracted proteins (30 μg per sample as quantified by a bicinchoninic acid (BCA) protein assay) were subjected to 8% sodium dodecyl sulfate-Tris glycine gel electrophoresis and transferred onto a polyvinylidene fluoride membrane. The membrane was blocked with 5% non-fat milk in Tris-buffered saline (TBS)-T buffer (10 mM Tris pH 7.5, 100 mM NaCl, 0.1% Tween 20), incubated with anti-pNR1, NR1, pNR2B, NR2B, pCaMKIIα, calmodulin-dependent protein kinase IIδ (CaMKIIδ), CaMKIIγ, pCREB, and CREB (all 1:1000, cell signalling) in TBS-T with 1% BSA and incubated for 1 hour at room temperature. Peroxidase-conjugated anti-rabbit antibody (1:5000) was used as a secondary antibody. The bands were visualised using an enhanced chemiluminescent substrate kit (Pierce, Thermo Fisher Scientific, Waltham, Massachusetts, USA) and an LAS-3000 Fujifilm camera (Fuji Photo Film Co Ltd). Where applicable, the image intensities of specific bands were quantified with NIH Image J software.
Statistical analysis
Data are presented as the mean±SEM. Control, FM, FM+EA, and FM+MA groups were compared using one-way analysis of variance (ANOVA) followed by post hoc Tukey's test. A value of p<0.05 was considered statistically significant.
RESULTS
The withdrawal thresholds of the ipsilateral and contralateral paw, a marker of mechanical hyperalgesia, are illustrated in figure 1B-K. In control mice, dual injection of saline ( pH 7.0) did not induce mechanical hyperalgesia of the ipsilateral hind paw from days 5 to 8 after the first injection ( p>0.05 vs baseline). By contrast, mechanical hyperalgesia was observed from days 5 to 8 in mice receiving dual injection of acid saline ( p<0.05, FM vs control groups; figure 1C-F) . Low frequency EA administered immediately following the second acid saline injection reduced mechanical hyperalgesia on days 5 to 8 ( p<0.05, FM+EA vs FM groups), while such analgesic effects were not observed in FM+MA mice ( p>0.05, FM+MA vs FM groups), suggesting a specific effect of electrical stimulation on induced hyperalgesia rather than a general reduction in mechanical pain threshold. Similar results were also observed in the contralateral hind paw, suggesting additional central effects of the FM paradigm and EA ( figure 1G-K) . Figure 2A -D illustrates phosphorylated and unphosphorylated peripheral NMDA receptor protein expression, measured by Western blotting. Mean pNR1-immunoreactive band density was significantly higher in the FM group on day 8 (132.21±14.4% of control values; figure 2A ), while mean band density in the FM+EA group was similar to controls (95.31 ±8.84%), suggesting reversal of the pNR1 upregulation induced by FM modelling. No such reversal of pNR1 upregulation was observed in the FM+MA group (125.19±6.52%). By contrast, there were no differences in NR1 immunoreactivity between groups (figure 2B). Similar to pNR1, expression of pNR2B was also increased after FM modelling (116.69 ±3.22% of control values; figure 2C ) and reversed by EA (100.61±2.96%) but not by MA (115.69 ±3.22%). Expression of NR2B was similar in all groups ( p>0.05, figure 2D) . Figure 2E -G shows expression of several CaMKII subtypes in the DRG, which reflect potential downstream signalling mechanisms activated by enhanced NMDA phosphorylation. The expression of pCaMKIIα was higher in the DRG after FM modelling (160.1±17.6% of control values; figure 2E ) and reversed by EA (104.67±11.91%) but not by MA (159.11±17.59%). In contrast to pCaMKIIα, DRG expression levels of CaMKIIδ and CaMKIIγ were similar in all treatment groups ( figure 2F, G) . Figure 2H shows expression of pCREB in the DRG, as a marker of nuclear transcription. Expression of pCREB was higher after FM modelling (123.04 ±3.98% of control values) and similarly reversed by EA (104.34±7.27%) but not by MA (123.23±4.36%). Figure 3A -D shows the results from SC neurons immunostained with NMDA subtype antibodies. Expression of pNR1 was higher in the SC of FM mice (134.03±10.17% of control values; figure 3A) , and this over-activation was reduced by EA (113.41 ±5.26%) but not by MA (135.3±11.99%). However, total SC NR1 expression was similar in all groups (figure 3B). Similar to pNR1, pNR2B was increased in the SC of FM group mice (122.46±3.47% of control values; figure 3C ) and this overexpression was reversed by EA (106.4±8.76%) but not by MA (121.34±4.72%). By contrast, total expression of NR2B was similar in all groups ( figure 3D ). Figure 3E -F illustrates levels of expression of pCaMKII subtypes and pCREB in the SC. Similar to the DRG, pCaMKIIα levels were increased in the SC from FM mice on day 8 (126.86±5.81% of control values, figure 3E ) and also reversed by EA (92.91±7.56%) but not by MA (120.71±7.21%). Spinal levels of CaMKIIδ and CaMKIIγ remained unchanged in all groups of mice on day 8 (figure 3F, G). Expression of pCREB was increased in FM mice (133.55±9.53% of control values, figure 3H ) and this effect was reduced by EA (107.78±2.97%) but not by MA (132.55±9.53%). Figure 4 shows the expression of pNR1 and pNR2B at the single DRG neuron level as measured by immunofluorescence staining. Consistent with the Western blotting results, the number of pNR1 immunopositive neurons, expressed relative to control mice, was increased by FM modelling and this increase was reversed by EA but not by MA ( figure 4A-D, I) . Similarly, the number of pNR2B-immunopositive DRG neurons, expressed relative to the control group, was enhanced in FM mice and this increase was attenuated by EA but not by MA ( figure  4E-H, J) . Figure 5 shows the results of DRG neurons labelled with pCaMKIIα and pCREB antibodies.
pCaMKIIα-positive neurons were distributed throughout the DRG and the total number was higher in the FM group than in controls but near the control level in the EA group ( figure 5A-C, I ). Again, the number of immunopositive neurons remained elevated in the MA group ( figure 5D, I ). A similar response pattern was observed for pCREB labelling ( figure 5E-H, J) ; the number of immunoreactive neurons was increased after FM modelling and the increase was reversed by EA but not MA. 
DISCUSSION
In the present study, EA at bilateral ST36 effectively decreased mechanical hyperalgesia in mice induced by intramuscular dual acid saline injection, a wellcharacterised model of FM. We hypothesised that EA at ST36 could attenuate FM pain through modulation of NMDARs and downstream signalling molecules and our results support this. Paw withdrawal thresholds were reduced and both pNR1 and pNR2B protein expression levels were increased 8 days after dual acid saline injection, indicating development of mechanical hyperalgesia at both the peripheral and central levels. EA at ST36 for 4 consecutive days starting on day 5 successfully reversed pNR1 and pNR2B overexpression and increased withdrawal thresholds, suggesting that EA could effectively suppress mechanical pain in this mouse model of FM. The phospho-activated forms of both CaMKIIα and CREB, which are major transducers of NMDAR-mediated calcium influx, were also upregulated after acid saline injection, suggesting that hyperalgesia was maintained by both kinase pathways and changes in gene expression. Moreover, overexpression of both pCaMKIIα and pCREB was reversed by EA, paralleling the change in mechanical pain threshold. Our findings suggest that suppression of pNR1/pNR2B-pCaMKIIα-pCREB signalling is a major therapeutic mechanism of EA; however, it remains unclear if other NR subtypes and mechanisms are additionally involved.
Attenuation of the overexpression of NMDARs may be crucial in pain management. Enhanced expression of NR2B-containing NMDARs can potentiate chronic pain in cases of tissue or nerve injury and antagonism of NMDARs has been established as an effective approach for pain management. 30 For example, Wu and Zhou reported that NR2B-containing NMDARs are potential targets for treatment of neuropathic pain. 31 Recently, several articles have suggested that EA can reduce pain by suppressing NMDAR phosphorylation. 32 This same anti-nociceptive effect was also achieved by injection of dizocilpine, an NMDAR antagonist. Furthermore, combined administration of EA and dizocilpine potentiated the anti-nociceptive effects of the individual treatments. The role of NMDARs in inflammatory pain is well established but unclear in FM. Our results showed that EA at ST36 can reliably reduce FM hyperalgesia and attenuate the pNR1 and pNR2B signalling pathways.
Xing et al 33 found high baseline field potential amplitudes and a lower C-fibre LTP threshold in the SC dorsal horn of a rat neuropathic pain model. Intriguingly, 2 Hz EA delivered at ST36 and SP6 reliably reduced neuropathic pain by inducing central LTD in C-fibres and the analgesic effect was increased by administration of the NMDAR antagonist MK-801 or the opioid receptor antagonist naloxone. Additionally, central sensitisation of nociceptive transmission may be initiated in inflammatory, neuropathic and postoperative pain syndromes, and NMDAR activation may further increase Ca 2+ influx and activation of second messenger pathways underlying painful sensations. 34 Jung et al 34 reported that intracellular Ca 2+ is a crucial target of the analgesia produced by 2 Hz EA and can be modulated through spinal NMDARs. NMDARs can also be regulated by several protein kinases and phosphatases, and it has been suggested that protein phosphatases 1 and 2A play crucial roles in EA-mediated analgesia through regulation of NMDAR phosphorylation in the SC. 32 The present study also showed that EA can alter pNR1 and pNR2B expression at both the peripheral (DRG) and central (SC) levels.
Multiple physiological mechanisms may contribute to FM pain. NMDARs, ASIC3, TRPV1, voltage-gated calcium channels, and substance P have all been implicated in this FM model. [35] [36] [37] [38] [39] Dual acid saline injections have been shown to activate the cAMP pathway in the SC. 40 Activation of extracellular signal-related kinase (ERK), a member of the mitogen-activated protein kinase (MAPK) family, has also been reported in the anterior paraventricular nucleus of the thalamus and hippocampus. 39 41 Administration of neurotrophin-3 can reduce acid-induced chronic muscle pain, 42 and the calcium channel antagonist pregabalin and the M-type voltage-gated potassium channel activator flupirtine have been shown to be effective for treatment of muscle pain. 43 44 The development and maintenance of this type of chronic muscle hyperalgesia is also associated with changes in the amygdala. 45 Here we demonstrated that pCaMKIIα and pCREB are involved in FM pain and can be further regulated by EA in both the peripheral and central nervous systems.
There is controversy surrounding the therapeutic efficacy and safety of opioids for treating FM pain syndromes. Mounting evidence suggests that opioids offer little help to FM patients suffering from widespread pain, although some FM patients do experience relief following opioid administration. In contrast, μ-or δ-opioid receptor agonists can reduce pain in an animal model of FM, 46 as can glutamate receptor antagonists delivered to the SC. 47 Even if they achieve an anti-nociceptive effect in FM, opioid use is still not ideal because of the significant potential for tolerance and addiction. Wang et al 48 used immunohistochemistry to demonstrate that the number of DRG neurons expressing both isolectin B4 (IB4) and NR1 are dramatically increased in CFA (complete Freund's adjuvant)-mediated inflammatory pain. This increase was reversed by EA treatment, suggesting a specific role of NMDARs in IB4-positive nociceptive neurons. Furthermore, medium-to high-frequency EA (10 and 100 Hz) reliably reduced CFA-initiated inflammatory pain, and when EA was combined with a sub-effective dose of MK-801, the anti-nociceptive effect was prolonged. 48 Similarly, Zhang et al reported that the NMDAR antagonist MK-801 enhanced the antinociceptive effect of both lowfrequency (10 Hz) and high-frequency (100 Hz) EA in a rat model of neuropathic pain. 49 The analgesic effect of EA can be reversed by a serotonin synthesis inhibitor delivered to the descending serotonergic spinal pathway, suggesting a central effect. 50 A recent study indicated that acupuncture is superior to drugs for FM patients, while acupuncture combined with drugs further increased pain thresholds. 28 Acupuncture also has therapeutic efficacy and can achieve immediate pain reduction in FM patients. 29 Our results suggest that EA may be able to treat FMassociated pain by suppressing pNR1/pNR2B-pCaMKIIα-pCREB signalling in both the peripheral and central nervous systems. Pharmaceutical antagonism of this pathway is also a potential therapeutic strategy that warrants further investigation.
Conclusion
We demonstrated that EA at bilateral ST36 can significantly reduce mechanical hyperalgesia in a mouse FM model, likely by reversing the increase in pNR1/ pNR2B-pCaMKIIα-pCREB signalling observed in the peripheral and central nervous systems. These results reveal EA-related analgesic mechanisms that could be relevant for clinical practice, particularly suppression of the NMDA pathway. Competing interests None declared.
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